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ABSTRACT
The generation of non-classical light states in the near-infrared (NIR) is important for a number of photonic quantum technologies. Here, we
report the first experimental observation of sub-Poissonian NIR (1.24 eV) light emission from defects in a 2D hexagonal boron nitride (hBN)
sheet at room temperature. Photoluminescence statistics shows g(2)(0) = 0.6, which is a signature of the quantum nature of the emission.
Density functional-theory calculations, at the level of the generalized gradient approximation, for the negatively charged nitrogen anti-site
lattice defects are consistent with the observed emission energy. This work demonstrates that the defects in hBN could be a promising platform
for single-photon generation in the NIR.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0008242., s
I. INTRODUCTION
It is well-known that coherent light is the most stable classical
light achievable, which exhibits a Poissonian statistical distribution.
Shot noise represents the limit of this intrinsic randomness asso-
ciated with the time separation of photons emitted using a Pois-
sonian light source. Therefore, a more regular, or sub-Poissonian,
stream of photons reveals the quantum nature of the underlying
radiative process.1 A perfectly regular light source, where no more
than one photon is emitted at any given time, is known as a single-
photon source (SPS) and represents an essential building block for
a variety of quantum technologies, including quantum computa-
tion schemes, boson sampling, precision metrology, as well as secure
communication applications, such as quantum key distribution.2–6
An ideal SPS would provide high-brightness, high-purity,
indistinguishable photons at room temperature while being inte-
grable and reliable to fabricate.6,7 Moreover, it is desirable for the
emission to be in the near-infrared (NIR) wavelength range in order
to facilitate a seamless integration with modern optical communi-
cation platforms.8 Though much progress has been made toward
this goal on a number of platforms, the design of an ideal SPS
remains elusive. Gallium and indium based quantum dots can cur-
rently provide high-brightness single-photon emission (SPE) in the
NIR with unrivalled purity among other SPSs and indistinguisha-
bility, but require cumbersome cooling equipment to operate at
cryogenic temperatures.8–11 Localized defects in gallium nitride and
color-centers in single-walled carbon nanotubes were shown to emit
single photons across the visible and NIR spectrum,12,13 with recent
results including electrically driven light emission14 and room tem-
perature SPE in the NIR.15,16 However, spectral purity is poor and
fabrication remains challenging.17
Recently, two-dimensional van der Waals (vdW) crystals, such
as transition metal dichalcogenides (TMDCs) and hexagonal boron
nitride (hBN), have emerged as an attractive platform for SPE.18 SPE
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was observed at cryogenic temperatures from TMDCs, where quan-
tum defects are ascribed to localized, weakly bound excitons.19 On
the other hand, some lattice defects in hBN are located deep within
the bandgap, giving rise to states that allow bright, room tempera-
ture SPE; a discovery that has prompted extensive investigation in
recent years into the use of hBN in particular in quantum photon-
ics.18,20–22 SPE from hBN has now been demonstrated over a large
range of wavelengths in the visible as well as ultraviolet.23,24 One
advantage of using vdW materials is that due to their quantum-
confined nature all emitters are localized on a surface, facilitating
light collection and enhancement through the use of fibers or anten-
nas.25–27 Active research in new fabrication methods complements
well-established and scalable techniques, enabling fine control over
material parameters and geometries. Recent developments include
bottom-up fabrication, self-assembly of vdW crystals on nanoparti-
cles, and the deterministic creation of SPE defects through the use
of nano-patterning on hBN.28–31 Moreover, it has been shown that
the emission wavelength from hBN SPSs can be tuned by the appli-
cation of a mechanical strain or electrical bias.32,33 A recent study
using simultaneous optical and electron microscopy imaging of a
number of visible wavelength SPSs in hBN has been a significant
step toward systematically identifying the effect of strain and local
electronic interactions on the emission spectrum.34 The observation
that hBN SPE defects possess an intrinsic spin that can be optically
controlled and read out further enhances the attractiveness of hBN
for quantum photonic applications.35
Here, we present the first room temperature observation of sub-
Poissonian emission in the NIR from hBN. This is demonstrated by
the measurement of the second-order correlation function g(2)(0) <
1 on the emission. In order to understand the origin of the emission,
we apply density functional-theory (DFT) to calculate the electronic
properties of various defects in the hBN lattice. We attribute this
emission at 1.24 eV (998 nm) to the negatively charged nitrogen
anti-site defect (VNN−1B ).
II. METHOD
Multilayer hBN flakes were obtained commercially and
annealed at high temperature in an inert environment to activate
the quantum emitters (details about the sample fabrication can be
found in the supplementary material). Samples were imaged using
FIG. 1. Experimental setup of a free-space HBT interferometer for the measure-
ment of g2(τ) in hBN, composed of a beam splitter (BS), a pair of NIR single-photon
avalanche photodiodes (SPAD), a time-interval analyzer (TIA), and a personal
computer (PC) for time-tagging and processing. A pair of lenses (L1, L2) acts as
a telescope to achieve a 1:1 mapping between the image plane and the core of
multi-mode fibers (MMF). Confocality is achieved with a small aperture at the focal
plane of the tube lens LTube and the excitation pump is removed using long-pass
filter F2. Background light is reduced using short-pass filter F3.
a custom-built laser scanning confocal microscope, where 80 MHz,
∼200 fs pulses at 800 nm wavelength were used as an excitation
pump, and NIR-sensitive InGaAs single photon avalanche diodes
(SPAD) as detectors. Photoluminescence (PL) was collected directly
using a spectrometer or using a Hanbury Brown–Twiss (HBT) inter-
ferometer where photon anti-bunching was recorded thanks to a
digital time card. These data were then used to calculate the second-
order coherence as a function of interphoton delay g(2)(τ). Figure 1
shows a diagram of the set-up and the detailed experimental method
is presented in the supplementary material.
III. RESULTS
A representative confocal scan of a 50 × 50 μm2 sample area is
shown in Fig. 2(a), where a number of emitters are visible with light
collected at wavelengths above 850 nm (inset: the emitter showing
sub-Poissonian photon statistics). The PL spectrum from a non-
classical emitter with a center wavelength at 998 nm is displayed in
Fig. 2(b). The quantum nature of this emitter is confirmed by the
corresponding calculation of the second-order correlation function
g(2)(0) = 0.6 ± 0.05, as shown in Fig. 3(a). No background emission
FIG. 2. (a) Confocal map of a hBN sample showing a number of emitters with PL at wavelengths longer than 850 nm. Inset: emitter with sub-Poissonian photon statistics. (b)
PL spectra of the sub-Poissonian emitter, with emission centered at 998 nm. Dots are experimental data and solid line is a Lorentzian fit with FWHM 5 nm. (c) AFM image
showing several hBN flakes on the sample. (d) Height profile of hBN flake, profile along yellow dotted line shown in (c).
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FIG. 3. (a) Second-order coherence function [g(2)(τ)] of PL emission from the emit-
ter at a wavelength 998 nm (1.24 eV). Dots are experimental data and the solid
curve is numerically calculated (procedure described in Sec. III). (b) Emitter lifetime
and background level parameters fitting using Eq. (1). Dots are the experimental
τ ≠ 0 ns peaks from Fig. 3(a), while the solid line is a fit. Lifetimes: τ1.24 eV = 3.2
ns and τB = 10 ns for SPE and background, respectively, and background level:
B = 0.48.
was subtracted and the collection time for the displayed g(2) plot was
four hours, where the collected photon detection rate was ∼11 × 103
counts/s with an average pump power of 0.7 mW. Accounting for
20% detector quantum efficiency and the optical losses in the setup,
we estimate an emission rate of ∼1.3 × 106 counts/s at the sample
plane. The typical thickness and lateral diameter of the hBN flakes
used are ∼250 nm and 900 nm, respectively. This can be seen in
Figs. 2(c) and 2(d), which show an AFM image and a height profile
of typical hBN flakes.
As the emitter was probed with a femtosecond pulsed laser, we
can extract the emitter lifetime from peak widths of the experimen-
tally measured g(2) function. We model the SPE as a two-level system
with a characteristic decay parameter τ1.24 eV that describes the life-
time of the excited state. In order to account for the observation of a
non-zero value g(2) at τ = 0, we further model the background PL as
classical light also generated by the pump laser, with a different expo-
nential decay time τB. The PL emission flux due to a single excitation
pulse can, therefore, be modeled as36
pem(t) = e−t/τ1.24eV + Be−t/τB , (1)
where t is the time after excitation, and B is the relative intensity
of the background emission. In order to fit parameters τ1.24 eV, τB,
and B, we note that for an interphoton delay far from 0, the second-
order coherence functions of quantum and classical light are equal.1
We can, therefore, fit Eq. (1) to the τ ≠ 0 peaks of the experi-
mentally measured g2(2), where now the fitting parameters simply
correspond to the decay lifetimes and relative intensities of two clas-
sical emitters (see Fig. 3(b) for the fitting). We find a background
level B = 0.48 and decay lifetimes of τ1.24 eV = 3.2 ns for the defect
emission and τB = 10 ns for the background. We numerically cal-
culate the full second order correlation function for PL from a
quantum emitter and classical background under 80 MHz pulsed
excitation. Using the lifetime and background parameters obtained
from fitting Eq. (1), we obtain excellent agreement with the experi-
mentally measured coincidences [see Fig. 3(a)], where the observed
decay lifetime parameter τ1.24 eV = 3.2 ns falls well within the range
of previously observed decays from other lattice defect emitters in
hBN.23,32 The observed background could originate from PL gener-
ated within the quartz substrate, or from nearby defects in the hBN
lattice. Since the former tends to exhibit very small lifetimes,37 the
background is likely to result from a large number of incoherent
radiative emissions from other areas of the illuminated hBN lattice.
IV. THEORY
We apply density functional theory (DFT) and constrained-
DFT (CDFT) within the generalized gradient approximation using
exclusively the Perdew, Burke, and Ernzerhof (PBE) functional to
calculate ground and excited states and compare these calculations
with the observed NIR SPE from hBN. DFT and CDFT allow us
to calculate the coupling between the electronic and vibronic states
known as the Huang–Rhys (HR) factor, as well as the energy of
the transitions to the ground state and the energy of the zero-
phonon-line (ZPL). The HR factor is calculated by applying the one-
dimensional (1D) configuration coordinate formulation, where the
atomic degrees of freedom are represented by a single coordinate,
the configuration coordinate Q. The PL spectral function L(h̵ω) is
obtained following the generating function procedure,38–40 and the
electron–phonon spectral function, S(h̵ω), and the partial HR fac-
tor Sk are derived according to the procedure outlined in Ref. 21.
The width of the ZPL is determined empirically in order for the line-
shape to approximate the experimental lineshape. A measure of the
extent of atomic structure change due to excitation is represented by
the quantity ΔQ that is defined by the formula
ΔQ2 =∑aima(Re,ai − Rg,ai)
2, (2)
where a enumerates the atoms, i = x, y, z, ma is the atomic mass of
species a, and Rg /e ,ai is the position of atom a in the ground/excited
state, respectively.
After considering a number of potential defects (including the
defects in Ref. 21 as well as some of those defects in charged states)
(details of these defects are presented in the supplementary mate-
rial), we find that the observed emission is consistent with the
negatively-charged nitrogen anti-site defect (VNN−1B ). The inset of
Fig. 4(a) displays the geometry of this defect.
We compare between the shape and intensity of the calculated
and observed phonon side bands in order to unravel the possible
atomic structure of the defect site. Emission observed in the cur-
rent experiment shows very little intensity to phonon processes, as
is common in many other observations. This is quite unusual, and
significantly nearly all potential defects studied theoretically21 have
large Huang–Rhys factors and hence large phonon side bands. As
demonstrated recently, calculating excitation energies with DFT is
problematic. The PBE functional41 used here predicts a bandgap of
4.7 eV for bulk hBN, where the experimental value is 6 eV. The
APL Photon. 5, 076103 (2020); doi: 10.1063/5.0008242 5, 076103-3
© Author(s) 2020
APL Photonics ARTICLE scitation.org/journal/app
FIG. 4. For the VNN−1B defect, (a) the theoretical PL lineshapes, showing the
ground state structure of the defect in the inset, and (b) the set of partial HR factors,
Sk (displayed as square-shaped points) and the approximate partial HR function,
S(h̵ω) (displayed as solid curves). In the defect structure in (a), the white spheres
represent nitrogen atoms and the green spheres boron atoms.
HSE06 functional42 reproduces the experimental value. The excited
state energies for the neutral nitrogen anti-site defects are 0.4 eV
smaller using the PBE functional compared with HSE06.43 How-
ever, despite its ability to reproduce bandgaps, the HSE06 functional
is questionable for excited states, particularly where these involve
states with multi-reference character. Comparison with high level
ab initio calculations shows differences of up to 1 eV.44 Details of
the modeling are presented in the supplementary material.
The VNN−1B defect has a low HR factor of 1.61 and a calculated
ZPL energy of 1.13 eV, which is consistent with the experimen-
tally observed PL peak at 1.24 eV (998 nm). The defect’s predicted
PL lineshape is displayed in Fig. 4, and the partial HR factors and
the partial HR function are shown in Fig. 4(b). These functions are
described in the supplementary material.
The PL lineshape has a significant low-energy phonon side-
band, unlike the situation in the visible-light PL spectra.21 The struc-
ture of the phonon side-band can be understood in light of Fig. 4(b).
The square-shaped points in this figure are the partial HR factors,
and those factors with the largest magnitude have phonon energies
in the range 0 meV–50 meV. For this reason, the phonon side-band
is close to the ZPL point.
V. DISCUSSION
In this letter, we show PL emission in the NIR from hBN, where
the PL wavelength is consistent with being emitted by the negatively
charged nitrogen anti-site lattice defect (VNN−1B ) (PL at 1.24 eV
or 998 nm). The emission displays sub-Poissonian photon statis-
tics [g(2)(0) < 1] that demonstrates its non-classical nature; indeed,
the photon statistics of the emission are consistent with SPE along
with a high background of classical light. As we consider this back-
ground light to likely originate from other PL-emitting defects in
hBN, future work will focus on suppressing this background PL in
order to improve the purity of SPE. In fact, it was recently discovered
that the irradiation of an hBN sample with a He+ focused ion beam
(FIB) causes a dramatic reduction in background PL [even to the
point of reducing the g(2)(0) from above to below 0.5].32 Thus future
work could apply He+ FIB to confirm the VNN−1B lattice defect’s
single photon emitter nature. In addition, the novel fabrication
method of using a scanning tunneling microscope tip to position
individual lattice defects could be used in future studies to ana-
lyze the PL from an individual defect and thereby confirm its SPS
nature.45
In summary, we have presented the first observation of a sub-
Poissonian emission in the NIR in hBN, with a second-order coher-
ence value of g(2)(0) = 0.6. The emission was centered at 1.24 eV
(998 nm) with an emitter lifetime of τ1.24 eV = 3.2 ns. We attribute
this emission to the negatively charged nitrogen anti-site defect.
These results indicate the potential for hBN as a platform for single
photon generation in the NIR.
SUPPLEMENTARY MATERIAL
See the supplementary material for details of the sample fabri-
cation, experimental characterization, and the theoretical method.
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